The hypothesis that high-Curie-temperature ferromagnetism in cobalt-doped ZnO (Co 2 : ZnO) is mediated by charge carriers was tested by controlled introduction and removal of the shallow donor interstitial zinc. Using oriented epitaxial Co 2 : ZnO films grown by chemical vapor deposition, kinetics measurements demonstrate a direct correlation between the oxidative quenching of ferromagnetism and the diffusion and oxidation of interstitial zinc. These results demonstrate controlled systematic variation of a key parameter involved in the ferromagnetism of Co 2 : ZnO and, in the process, unambiguously reveal this ferromagnetism to be dependent upon charge carriers. The distinction between defect-bound and free carriers in Co 2 : ZnO is discussed. In only a few cases have the key factors controlling long-range magnetic ordering in diluted magnetic semiconductors (DMSs) been unambiguously identified. In Ga 1ÿx Mn x As, the identification and variation of critical experimental parameters has culminated in a testable microscopic model describing hole-mediated magnetic ordering in this and several related manganese-doped III-V semiconductors [1] . The recent discovery of high-Curietemperature (T C ) ferromagnetism in doped oxide semiconductors has stimulated intense experimental and theoretical interest in these materials [2] . In contrast with Ga 1ÿx Mn x As, a clear consensus has not yet been reached about the relationship between carriers (bound or free) and ferromagnetism in these doped oxides. Only through identification and systematic variation of key compositional parameters will a significant advance in the understanding of high-T C ferromagnetism in doped oxides be realized.
In this Letter, we demonstrate that the native shallow donor interstitial zinc (Zn i ) is capable of activating high-T C ferromagnetism in Co 2 -doped ZnO (Co 2 : ZnO). The Zn i concentration in an oriented epitaxial thin film of Co 2 : ZnO was systematically varied by controlled oxidative removal of these shallow donors at elevated temperatures. A direct correlation between the 300 K ferromagnetic saturation moment (M S ) and the concentration of Zn i was observed. The experimental activation barriers clearly identify the diffusion of Zn i as the rate-determining process in the oxidative quenching of ferromagnetism in Co 2 : ZnO. These results provide conclusive evidence that the high-T C ferromagnetism in Co 2 : ZnO is mediated by donor-bound carriers.
Metal-organic chemical vapor deposition epitaxial growth and characterization of Co 2 : ZnO films on r-plane -Al 2 O 3 was reported previously [3] . Additional details are provided as supplementary information [4] . Figure 1 shows the 300 K electronic absorption spectrum of a 9% Co 2 : ZnO film in its insulating form (resistivity, R > 10 2 cm). The electronic absorption and magnetic circular dichroism (MCD) spectroscopies of this paramagnetic Co 2 : ZnO film have been reported previously [3] . Zn vapor diffusion into Co 2 : ZnO was performed as described in Ref. [5] . After annealing the film in zinc vapor at 600 C for 5 hours, the resistivity dropped by over 3 orders of magnitude to 0:1 cm and changes were observed in the electronic absorption spectrum. Specifically, a new transition in the IR region and a concomitant blueshift of the band edge by 68 meV were observed upon exposure to Zn vapor, both signatures of donors in ZnO [5, 6] . Moss-Burstein analysis [7] of the band edge shift places the donor concentration in the range of N 5 10 18 cm ÿ3 , similar to those estimated for other ZnO samples annealed under Zn vapor [5, 8] [4] ]. This broad featureless MCD intensity is attributed to low energy photoionization transitions from a ferromagnetic spin-split Co 2 =Zn i impurity band [10] . The ferromagnetic ground state of Zn i : Co 2 : ZnO also displayed a so-called ferromagnetic resonance at 300 K that was not observed in the paramagnetic form [ Fig. 1(c) ]. As described previously [5] , the spectroscopic, magnetic, and conductivity changes induced by Zn vapor diffusion are all quantitatively reversed by brief aerobic oxidation (10 minutes at 600 C), indicating the Zn i perturbation is nondestructive. The similarity between these data and those reported for polycrystalline Co 2 : ZnO demonstrates that the effects described here are independent of the structural form or source of the Co 2 : ZnO DMS.
The electronic structures of Co 2 : ZnO and Zn i : Co 2 : ZnO epitaxial films were investigated by cobalt and zinc K-shell x-ray absorption spectroscopy (XAS). These spectra were first collected on Zn i : Co 2 : ZnO and then recollected on the same film after aerobic reoxidization. As shown in Fig. 2(a) , the Co K-edge spectra of Co 2 : ZnO and Zn i : Co 2 : ZnO both show the signature 1s ! 3d pre-edge absorption of subsitutional Co 2 in ZnO at ca. 7709 eV. The pre-edge and edge regions of the Co 2 : ZnO and Zn i : Co 2 : ZnO XAS spectra are superimposable, indicative of little change in electron density at the Co 2 upon Zn vapor diffusion. For comparison, metallic cobalt shows a distinct broad K-edge absorption feature at ca. 7712 eV that is not present in the spectra of is any intensity at the Co-Co nearest neighbor distance of cobalt metal (2.5 Å ) [11] . These data rule out phase segregation as the source of the Co 2 : ZnO ferromagnetism induced by Zn vapor diffusion and instead point to an intrinsic origin.
The Zn K-edge XAS and EXAFS data for both Co 2 : ZnO and Zn i : Co 2 : ZnO in Fig. 2 (c) also show the expected features of Zn 2 in ZnO. There is, however, a notable increase in intensity at 9665 eV upon introduction of Zn i . It is tempting to attribute this intensity directly to K-shell absorption of Zn i , but further experiments are required before such an assignment can be made conclusively.
The data in Fig. 3(a) demonstrate quantitatively reversible cycling of the 300 K conductivity, M S , and IR absorption intensity between Co 2 : ZnO and Zn i : Co 2 : ZnO by alternating Zn vapor diffusion and aerobic oxidation. Approximately 50 cycles have been performed on this film without any detectable material decomposition or loss of reproducibility. Although these data strongly suggest a correlation between conductivity, Zn i , and ferromagnetism in Co 2 : ZnO, they do not necessarily demonstrate a causal relationship between Zn i and ferromagnetism. To test for causality, the kinetics of the interconversion between ''on'' and ''off'' forms were examined. To our knowledge, there have been no previous reports describing the kinetics of magnetic phase transitions in high-T C doped oxides.
The oxidative phase transition is rapid at 600 C but can be slowed by reducing the oxidation temperature. Oxida- tion kinetics measurements were therefore performed at 460, 480, and 500 C for 35, 5.8, and 2.7 hours, respectively. The initial decay data are plotted in Fig. 3(b) . The decays of M S 300 K and the IR intensity are clearly correlated, both showing similar double-exponential decay kinetics that accelerate the same way as the temperature is elevated. Such kinetic correlation can occur only if the ferromagnetism and IR absorption are associated with the same species. Furthermore, when the data from Fig. 3(b) are plotted versus the film conductivity on a logarithmic scale, a clear linear relationship is observed for both M S 300 K and the IR intensity [see Fig. 3(d) ]. Combined, these data demonstrate unambiguously a direct causal relationship between ferromagnetism and carriers in Co 2 : ZnO. We note that, in the course of this oxidation, the conductivity drops by 3 orders of magnitude as the film is converted from intermediate to light Zn i doping ranges (Na 3 decreases from ca. 0.06 to 0), but there is no evidence for reduction of T C to below 300 K. Figure 3 (c) plots the decay rate constants from the data in Fig. 3(b) versus the inverse thermal energy for each oxidation temperature. Straight lines are obtained for both the fast and slow rate components, indicating Arrhenius behavior. The biphasic decay kinetics yield two activation energies for oxidative quenching of ferromagnetism: E 0 a 1:1 0:1 eV and E 00 a 1:7 0:5 eV. These values are in excellent agreement with those reported previously for the diffusion of Zn i in ZnO, which range from 0.87 to 1.52 eV for temperatures between 375 and 940 C [12] . The two activation barriers observed here may be related to (i) Zn i diffusion through the lattice to the surface and (ii) more rapid diffusion along grain boundaries, both followed by rapid oxidation at the ZnO/air interface. Importantly, these low activation barriers are consistent with diffusion of interstitial zinc (a non-Frenkel lattice defect) but not with diffusion of oxygen vacancies (V O ), which requires displacement of substitutional anions. Literature activation energies for oxygen diffusion in ZnO are much larger than those in Fig. 3(c) (e.g. >5:0 eV for bulk ZnO, 3:1 eV for polycrystalline ZnO, and 3:4 eV for polycrystalline Co 2 : ZnO [13] ). The data in Fig. 3 thus provide strong evidence that Zn i , and not V O , is the defect responsible for the ferromagnetism in Co 2 : ZnO described here. Recently, we related the ferromagnetism of TM 2 : ZnO to the charge-transfer electronic structures of the TM 2 ions [9] . Shallow donors such as Zn i are energetically aligned with the Co =2 level leading to effective dopant-defect hybridization as described by perturbation theory. Here we focus on the important distinction between bound and free charge carriers. The data in Fig. 3 demonstrate conclusively that carriers introduced by Zn i activate ferromagnetism in Co 2 : ZnO, an observation consistent with formation of a shallow spin-split Zn i =Co 2 impurity band [5, 9, 10, 14] . Formation of such a band upon coalescence of bound magnetic polarons in oxide DMSs has been described theoretically [14] . A possible alternative mechanism for carrier-mediated magnetic ordering in Co 2 : ZnO is the Ruderman-Kittel-Kasuya-Yosida (RKKY) or related Zener mechanism, in which itinerant free carriers interact with localized d electrons on isolated dopant ions. The RKKY mechanism has recently been proposed to be the dominant mechanism behind ferromagnetic ordering in Co 2 : TiO 2 and related oxide DMSs at elevated temperatures [15] .
Recent results from various laboratories have suggested that high-T C ferromagnetism in Co 2 : ZnO can be achieved through the introduction of shallow bound carriers in the form of grain-boundary defects [16, 17] or oxygen substoichiometries [3, 5, 18] . In the former, aerobic aggregation of paramagnetic TM 2 : ZnO nanocrystals at room temperature induced partial ferromagnetic ordering attributed to introduction of nonstoichiometric grainboundary defects at nanocrystal-nanocrystal fusion interfaces [16, 19] . Since aggregation was performed at room temperature, this result suggests that there is no intrinsic barrier to ferromagnetic ordering in Co 2 : ZnO once appropriate defects are introduced.
The direct relationship between M S 300 K and the shallow donor concentration (Fig. 3) provides conclusive evidence that ferromagnetism in Co 2 : ZnO is carrier dependent. The steep relationship between the Co 2 : ZnO film's conductivity and both M S 300 K and the concentration of Zn i [ log / N (or M S ); Fig. 3(d) and Ref. [4] ] is similar to the relationship between conductivity and donor concentration predicted by percolation theory for hopping conductivity ( log / N ÿ1=3 [20] ). The data in Fig. 3(d) thus suggest that delocalized free carriers and metallic conductivity are not required for room-temperature ferromagnetism in Co 2 : ZnO and, hence, that this ferromagnetism does not arise from the RKKY mechanism. This conclusion is consistent with the strong temperature dependence of conductivity in the intermediate doped Co 2 : ZnO films despite a ferromagnetic saturation moment that is relatively temperature independent over the same temperature range (5-300 K) [4, 21] . Combined, these results argue for an important role played by the Zn i defect itself, particularly at low Zn i concentrations where the film is insulating. Defect-bound carriers may differ from free carriers in important ways, including in their extent of hybridization with magnetic dopants [9] , in their potential to adopt triplet ground state configurations [14, 22] , and in their capacity to stabilize magnetic polarons [23] . By implicating defect-bound carriers, the data in Fig. 3 support a description of ferromagnetism in Zn i : Co 2 : ZnO involving bound magnetic polarons. In summary, carrier-mediated high-T C ferromagnetism in Co 2 : ZnO has been demonstrated unambiguously by controlled introduction and removal of the shallow donor Zn i under conditions where the kinetics of the magnetic phase transition could be monitored and analyzed. M S 300 K was found to be correlated quantitatively with shallow donor IR absorption in Co 2 : ZnO, both displaying the same biphasic oxidation kinetics. The activation barriers for the oxidative quenching of ferromagnetism are identical to those for Zn i diffusion in ZnO, identifying the shallow donor Zn i as the key mediating defect in ferromagnetic Co 2 : ZnO prepared in this way. These results advance our understanding of high-T C ferromagnetism in oxide DMSs by demonstrating controlled systematic variation of a key parameter involved in the ferromagnetism of Co 2 : ZnO, namely, the Zn i concentration.
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